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Abstract
In this work we have developed a prototype gaseous pixel detector by combining a micromegas grid with a Timepix3
chip for the readout. The micromegas foil supported by a matrix of pillars about 50 µm high was manually placed on
top the chip. By placing a cathode foil above the chip an ionisation detector was created with a drift gap of 13.5 mm.
The Timepix3 chip, thanks to the simultaneous measurement of the time-of-arrival (ToA) and charge via time-over-
threshold (ToT) allows corrections to remaining timewalk effects, improving further the position resolution along the
drift direction. We present the timewalk correction for Timepix3 chip obtained with real data from a particle beam and
its impact on the tracking performance. The results obtained show a significant improvement on the position resolution
for single-hits and tracks along the drift direction compared to previous experiments.
Keywords: Micro-pattern gaseous detector, Gaseous pixel detector, Timepix3, GridPix, GasPix, Timewalk, Tracking.
1. Introduction
The gaseous pixel detector GridPix is a novel detec-
tor technology for particle tracking which combines a mi-
cromegas amplification grid with a pixel chip for the read-
out. The chip is covered with a thin resistive layer to
prevent potential damage from discharges. Subsequently,
the grid added by photolithography or manually placed di-
rectly above the chip to create an amplification region. To
create a drift field, a cathode electrode is added above the
grid. The whole structure is placed in a gas filled cham-
ber. With this technology we are able to measure in 3D
the creation position of individual ionisation electrons re-
leased by traversing particles and thus to reconstruct their
trajectory.
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In a previous work [1] we measured the tracking per-
formance of a gaseous pixel detector using the Gossipo2
chip and featuring a high-resolution TDC (1.8 ns) per
pixel. The performance of this prototype chip technology
led to a significant improvement to the position resolution
in the drift direction. Its successor, the Timepix3 chip [2],
implements a TDC per pixel with a better resolution of
1.56 ns, which enhances the performance. In addition,
the simultaneous measurement of charge via time-over-
threshold (ToT) and drift time via time-of-arrival (ToA)
allows corrections to remaining timewalk effects, improv-
ing further the resolution. These facts encourage the real-
isation of gaseous pixel detectors based on the Timepix3
chip. Therefore we assembled a gaseous pixel detector
based on the Timepix3 chip that we called GasPix and
installed it in a particle beam. Our aim was to study the
correction for the remaining timewalk effects and measure
the impact on the tracking performance.
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2. Detector
The cross section of the detector is illustrated in Fig. 1.
Beginning from a bare Timepix3 chip, we covered its sensi-
tive area with a 4 µm thick SiRN protection layer1 against
discharges. After the deposition of the protection layer,
the chip is glued with a thin double-sticky tape and wire
bonded on a specially designed chip carrier board known
as Spidr-board.
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Figure 1: A cross section of the detector (not in scale). The
grid (dashed line) is glued to a frame and then mounted on the
chip. The frame and the cage are made from the same material.
A frame glued on the Spidr-board holds the guard elec-
trode above the Timepix3 chip such that its laser-cut win-
dow is aligned to the chip. The micromegas grid was glued
onto a frame of Ertalyte fitting just into the aperture of
the guard. Subsequently the frame was attached with a
minor amount of glue to the chip.
The micromegas grid was fabricated at CERN on a
5 µm thick copper plate on a kapton backing by chemical
processing a structure consisting of a copper plate with
small holes supported by tiny Kapton pillars about 50 µm
high. For more details, see [3]. The grid-holes had a pitch
of 60 µm and a diameter of 35 µm. The pillars with a
spacing of 1 mm and the electrostatic force of the grid
voltage provide a constant distance between grid and chip.
Unfortunately the grid-hole pitch is bigger than the pixel
pitch of 55 µm. Due to this mismatch a fraction of the
1
The deposition of the layer was performed in the Else Kooi Lab-
oratory (EKL) at Delft University of Technology resulting in a layer
with a resistivity < 10
11
Ω · cm.
pixels are reasonably aligned to a grid hole. Care was
taken to make the grid parallel to the pixel pattern of
the chip. A small amount of araldite on the outer side of
every corner of the grid-frame keeps everything in place.
The result is shown in Fig. 2.
Figure 2: Photograph taken after the assembly of the grid
structure, bonded to the white frame, on top of the chip.
The grid is biased by a direct contact to the guard.
A small extension of the grid at one of its corners, is put
in contact with conductive glue. We were aware that this
geometry will cause electric field deformations. However,
since no other solution was available at that time, we de-
cided to proceed with this solution and then correct offline
for remaining effects.
The detector was completed by adding the cathode and
enclosing everything into a gas-tight chamber yielding to a
drift gap of 13.5 mm. The cathode is a 5 µm thick copper
foil to allow the passage of low energetic particles from a
source. It is supported by 2 mm thick plate of Ertalyte
leaving open a 15 mm wide circular hole above the chip.
This plate is mounted on a precision machined frame. The
base of the frame has an O-ring seal to the Spidr-board.
A rectangular box with a clear mylar window is placed
on top of the cathode and bolted to the Spidr-board, mak-
ing a gas tight seal. A hole in the cathode support allows
the supply of chamber gas, preventing the displacement of
the cathode foil due to the chamber overpressure. The gas
is exchanged through a hole in the gas chamber walls. The
total volume of the gas chamber is about 45 cm3. Fig. 3
gives a close overview of the chamber.
2
Figure 3: The gas enclosure. The top lid (transparent) holds
the gas. The cathode is visible in the centre.
3. Experimental testbeam setup
For about a week in the end of August 2015, we col-
lected testbeam data at the H8 line of the Super Proton
Synchrotron (SPS) at CERN. The H8 line delivers usually
a high intensity beam of 180 GeV/c hadrons (60% pro-
tons/40% pions). Within a typical beam cycle of 36 s, two
spills are present with a duration of 4.8 s each. The beam
is quite focused with a maximum rate of about 1 · 106 par-
ticles / spill per cm2.
To have an external track reference a Timepix3 silicon
telescope was used, offered by the LHCb VELO upgrade
group. The telescope consists of two arms, each of them
carrying 4 stations. Each telescope station is a Timepix3
hybrid pixel detector. Between the arms there was enough
space to mount the device under test. The telescope is able
to reconstruct extremely precise tracks with a pointing res-
olution of ∼2 µm. For triggering purposes, before the first
and after the last station, there are two scintillators cover-
ing an area of 1 cm2 each. Fig. 4 shows the experimental
setup used.
The readout of the GasPix and the telescope is done
by the SPIDR system for the Timepix3 chip, [4]. This
was extremely convenient since we merge the data of the
device under test in the same data stream. Thanks to the
SPIDR’s high readout speed every track is recorded.
The chamber was flushed with a CO2/DME (50/50%)
gas premixed at Nikhef. While running, a moderate flow
of 5 cm3/ min was used. The input and exhaust flow are
controlled and measured respectively by mass flow tech-
nology running under LabView.
For the results presented in this work the grid voltage
was set at -550 V enabling a gas gain of 1500-20002. The
cathode voltage was set to yield a drift field of 1 kV/cm.
The detector was mounted on a goniometer adjusted at a
tilt angle of 15◦ with the horizontal axis. The goniome-
ter was mounted on a remotely controlled rotation stage
allowing rotations about a vertical axis and a translation
stage which allows translations on a plane perpendicular
to the beam. The rotation angle was set at 20 ◦ and the
detector was operated at the minimum useful threshold of
500 e−.
4. Data reconstruction
4.1. Telescope data
The raw telescope data were analysed using the stan-
dard LHCb software called Kepler which is a part of
the Gaudi3 framework. This finds the trajectories of the
beam particles and stores these as tracks. The signature
of a track in each telescope station is a cluster of pixels hit
and its cluster time. The mean cluster time of all the sta-
tions is the track timestamp associated to each track. The
Kepler program is used for the alignment and tracking
for the telescope. The input to the Kepler program is
an ASCII file which contains the nominal alignment con-
stants. We perform the alignment of each station using the
Millipede4 method. Then, by using the updated alignment
constants the tracking is performed. The typical minimum
requirement for a track is the presence of a cluster in each
station.
Every track is projected to the xz and the yz plane
and fitted with a straight line minimising the χ2. The
2
The gain was measured in the lab using a
55
Fe source, [5].
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http://gaudi.web.cern.ch/gaudi/
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Figure 4: Photograph of the experimental setup taken during the testbeam.
final output is a ROOT5 file which contains all the in-
formation related to the tracks, i.e the track times, the
slopes and offsets for the xz and the yz plane along with
the covariance matrix and the χ2 values.
4.2. GasPix data
The raw GasPix data is processed into events where
each hit is associated to a scintillator trigger timestamp.
All the hits within a time window around a trigger time-
stamp are assigned to an event. The output is an ASCII
file which contains the event number, the trigger time and
the associated hit information; namely the column and row
number, the hit arrival time and the time over threshold.
Then the data are decoded and stored in a ROOT tree.
This event data is then paired with a telescope track us-
ing the two timestamps, and merged into a single file for
further analysis.
5. Analysis
During the analysis, the raw hit information is cali-
brated into a 3D hit position (xh, yh, zh) in mm in the
GasPix frame. As discussed we expect drift field defor-
mations which we can correct offline thanks to the very
5
https://root.cern.ch/
precise telescope track. An iterative alignment procedure
gives corrections to hit positions and transformations of
telescope tracks into the GasPix frame. Events with tele-
scope tracks in a good fiducial volume and away from the
edges are selected. Displacement of GasPix hit positions
from the telescope tracks give residuals plots, which can be
used to correct for things like drift field variations. With
less distortions in hit positions, the alignment coefficients
can be improved.
The procedure is very iterative: better alignment gives
better hit position correction, which in turn gives better
residuals for a better alignment. After all hit position cor-
rections and alignment constants are stable, the residuals
are plotted against ToT. This is used to optimise the time-
walk correction. After applying all the corrections, includ-
ing for timewalk, local track fits are made to the GasPix
hit positions. The GasPix track resolution is extracted
from the covariance matrix of the fit.
In the following section we present the formulae used
in the analysis. For a detailed description of the analysis
procedure the reader is referred to [5].
5.1. Hit position calibration
When the grid and the pixel matrix, have the same
pitch and are well aligned, the grid-hole position is identi-
4
cal to the pixel position; the pixel position would be given
by the following equations:
xp = dp · (nc − x0) , (1)
yp = dp · (nr − y0) . (2)
In eq. 1,2 nc, nr are the column and row numbers in
pixel units which vary from 0 to 255 while dp = 55 µm is
the pixel pitch. These are shifted by (x0, y0) = (127.5, 127.5)
so that the origin of the local frame is the centre of the
chip. In case of a mismatch though, the true hit position
is the nearest grid-hole position. This is given as follows:
xh = nint
(
xp − xc
dg
)
· dg , (3)
yh = nint
(
yp − yc
dg
)
· dg . (4)
In eq. 3,4 dg = 60 µm is the grid-hole pitch and (xc, yc) =
(30, 30) µm are the offsets in order to match the centre of
the grid with the origin. The method also allows offsets
in the rotation angle. Special care was taken during the
mounting of the grid so that the angle was consistent with
zero.
The reconstruction of zh is based on the drift time given
by
td =
(
tar − ttr + tphase
)− t0 , (5)
zh = vd · td . (6)
In eq. 5 tar is the hit arrival time and ttr is the trigger
timestamp of the event and tphase is an column-dependent
shift in the arrival time due to the fact that in Timepix3
the clock is not generated synchronously for all the columns.
The tar value has to be shifted by t0 so that the earliest hits
are produced at z = 0. Then, the zh in mm is the product
of the drift velocity vd and the drift time td. Below we
modify eq. 6 to account for electric field deformations.
5.2. Electric field deformations
For the current detector it was well known in advance
that the drift field would not be perfect. One reason is
that the grid and the guard are at different heights but
the same potential which leads to deformed electric field
on the edges of the grid. This is made even worse by
possible charging up the frame above the grid. Distortions
in the grid and the cathode also alter the electric field.
The central part of the chip is expected to have an elec-
tric field which is highly uniform while the electric field on
the edges is distorted. For the analysis we select tracks
away from the walls to avoid the known distortions. Still,
due to the remaining distortions the drift velocity is not
constant across the remaining detector volume. There-
fore, the assumption of a constant drift velocity for the
z-position reconstruction is not useful. But for the cali-
bration of the distortions we can make use of the recon-
structed tracks in the telescope. This enables the calcula-
tion of a correction for the zh which is independent of the
drift velocity vd.
The telescope track is used to calculate ztr which is
the prediction for the zh position of each hit. This is done
separately for the xz and the yz projection of the tele-
scope track (transformed in the local frame) and gives the
nearest point to xh and yh. Then ztr is plotted against
the corresponding drift time of each hit, Fig. 5. Each slice
of the drift time is projected to the y-axis and fitted with
a gaussian. The profile histogram of the fitted means is
fitted with a Chebyshev polynomial (eq. 7) to give z
′
h as a
function of drift time:
z
′
h = ztr =
∑
Cheb (td) . (7)
The drift velocity is then given by the derivative of the
eq. 7:
v
′
d =
d
dtd
∑
Cheb (td) . (8)
5.3. Timewalk
The successful calibration of the hit positions and the
alignment of the detector to the telescope enable the cor-
rection for remaining timewalk effects. The correction is
obtained from a 2D histogram of the residual rtw , given by
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Figure 5: The 2D histogram of the telescope predition against
the drift time. For the ideal detector without electric field
distortions the relation is linear.
eq. 9. This residual is the closest distance from the hit to
the fitted telescope track translated in time and is plotted
against ToT in Fig. 6.
rtw =
rxz(z
′
h)
v
′
d
=
(
xh − xtr(z
′
h)
)
⊥
v
′
d
. (9)
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Figure 6: The 2D histogram of the residual rtw against the
ToT that is used for the timewalk correction. For low ToT
counts, the residual distribution has a tail to the positive di-
rection due to timewalk.
Each ToT slice is then fitted with a gaussian. The fitted
mean value of each slice is the timewalk and is used to
calculate z
′′
h which is the z position corrected for timewalk,
eq. 10. The fitted sigma value includes the contributions of
diffusion and timewalk. By subtracting the contribution of
the diffusion we extract the contribution of the timewalk
to the error on z
′′
h . The correction is applied directly on
the raw data i.e on the ToT and so there is no need to
convert the ToT to charge,
z
′′
h = z
′
h − v
′
d · tw(ToT) . (10)
5.4. Track fitting
Each event consists of 3D hits with coordinates given
by (xh, yh, z
′′
h ) where z
′′
h is the height of the ionisation clus-
ter corrected for field deformations and timewalk, given by
eq. 10. A straight line is fitted through the projections in
xz, yz planes. For the fitting we use the same method,
as in [1]. The errors assigned to xh and yh positions are
identical due to the symmetry of the detector and given
by
σ2xh = σ
2
yh
=
d2g
12
+D2T z , (11)
while for the z
′′
h the error is given by
σ2
z
′′
h
=
(τf v
′
d)
2
12
+D2L z + (v
′
d σtw(ToT))
2. (12)
In eq. 11, 12 dg is the grid-hole pitch, DT and DL
are the transverse and longitudinal diffusion coefficients,
τf = 1.56 ns is the TDC resolution for the Timepix3 chip,
v
′
d is given by eq. 8 and σtw(ToT) is extracted from the
timewalk correction.
The error on z is plotted against z
′′
h . By fitting the data
points with eq. 13 we extract the longitudinal diffusion
coefficient. Fig. 7 shows the result.
σz =
√
k2 +D2L z . (13)
In eq. 13, the offset k includes the errors of the time bin
and the timewalk. From the fit we obtain k = 36.18 µm
and DL = 29.55 µm/
√
mm. For CO2/DME the diffusion
coefficient for the transverse and the longitudinal diffusion
is approximately the same, [5]. Hence, in the analysis we
use DL = DT = 29.55 µm/
√
mm.
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Figure 7: The error on the z position as a function of the
ionisation height z
′′
h . The data points represent the width of
the residuals. The longitudinal diffusion is extracted by fitting
the data points with eq. 13.
The single hit position resolution in 3D is defined in
terms of a voxel. The electron could have been created
anywhere within the voxel. Tab. 1 shows the size of the
voxel at various ionisation heights.
Table 1: The hit position resolution at various ionisation
heights.
z (mm) σx (µm) σy (µm) σz (µm)
0.0 17.3 17.3 36.2
1.0 34.3 34.3 46.7
2.0 45.2 45.2 55.3
5.0 68.3 68.3 75.4
10.0 95.0 95.0 100.2
6. Results
6.1. Timewalk correction
Fig. 8 shows the fitted mean i.e. the timewalk for each
slice of ToT while Fig. 9 shows the fitted width for each
ToT slice which we use to extract the contribution of time-
walk on the z
′′
h error.
The correction is largest at small values of ToT and
asymptotic to zero at high values. In the analysis we re-
ject hits with a ToT value lower than five (ToT < 5), the
timewalk range is up to 30 ns. The detector during the
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Figure 8: The timewalk dependence on the ToT. Each point
represents the mean of the gaussian fit of each ToT slice.
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Figure 9: The width of each gaussian against the ToT that is
used to extract the corresponding timewalk error.
testbeam was flushed with a CO2/DME (50/50) gas mix-
ture. For the detector settings used during the testbeam
the drift velocity is about 4.5-5.0 µm/ns. This results to
a correction up to 135-150 µm, which in the end improves
the intrinsic z position resolution.
The correction is in agreement with the design expec-
tations, [6]. At the time when the analysis was complete,
this was the first timewalk correction for the Timepix3
chip based on real data from a particle beam, [5]. Previ-
ous attempts to estimate timewalk and correct for it were
based on test-pulse data.
7
6.2. Track position & angular resolution
The straight line fit is performed with York’s method
to the track projections at the xz and the yz plane. The
fitting routine returns slope and intercept for both planes,
(bx,mx) and (by,my), their covariance matrix and the x
2,
as described in [1, 7]. The fit is performed at the cen-
tre of gravity of the track where the covariance matrix is
diagonal. The positional and angular errors are then ob-
tained from the corresponding covariance matrix elements.
The average error on the position for the xz and the yz
planes is about 12.6 µm and 11.5 µm respectively, similar
to what has been observed in [1]. For the angular error
the average error is about 4.4 mrad and 4.3 mrad. This
is a factor 10 improvement thanks to the larger drift gap
and the time-resolution of the Timepix3 chip.
By using the positional and angular errors obtained,
the set of the fundamental track-resolution parameters of
the detector can be derived as in [1]. Due to the symmetry
of the detector for x and y direction the track resolution
is expected to be the same. Fig. 10 shows the result.
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Figure 10: The fundamental track position resolution for x,y.
The resolution is exactly the same due to the symmetry of the
detector.
The fundamental resolution for x and y is about 10 µm
which is similar to what has been observed before in [1].
However more intriguing is the result for the resolution
along the drift direction. Fig. 11 shows the result ob-
tained without the timewalk correction above and after
the correction below. Before the correction the resolution
averages to 32 µm. Thanks to the timewalk correction the
fundamental resolution for z drops to 19 µm. The mea-
sured fundamental set of track resolutions (described in
[1]) is given by eq. 14:
(σTx , σTy , σTz ) = (10, 10, 19) µm. (14)
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Figure 11: The fundamental track position resolution along
the drift direction before the timewalk correction on the top
and after the timewalk correction on the bottom.
Thanks to the Timepix3 chip which enables the time-
walk correction, the improvement with respect to detectors
based on Timepix and Gossipo2 chips is significant.
7. Conclusions
We have developed a gaseous pixel detector by mount-
ing a micromegas amplification grid on top of the Timepix3
8
chip. The detector was tested in a particle beam at CERN.
During the testbeam period we have successfully demon-
strated the capabilities of the chip and the readout system
by recording all tracks.
The Timepix3 chip thanks to its fast front-end and the
simultaneous measurement of ToA and ToT allows the cor-
rection for the timewalk effect. We present the timewalk
correction for the Timepix3 chip obtained with the detec-
tor operating at the minimum threshold ∼ 500 e−. The
correction is feasible thanks to the telescope which pro-
vides a very precise track as an external reference. This
correction is consistent with the expectations of the chip
designers and could be useful in applications where there
is no external reference.
By applying the timewalk correction on the data, we
achieve significant improvement to the position resolution
along the drift direction with respect to [1]. We present
an in-plane position resolution of 10 µm and 19 µm for
the drift direction. We also present an improved angular
resolution with respect to previous works, about 4.5 mrad
thanks to much wider pixel plane. Table 1 shows the single
hit position resolution for various drift heights. Although
we were hindered by the mismatch of the grid to the cell
pitch of the pixel chip and imperfections of the drift field,
the data still enabled us to deduce the statistical error in
timewalk and diffusion.
Without these imperfections only the timewalk correc-
tion would be needed. When using a dedicated integrated
grid the number of hits would be about doubled, improv-
ing position and angular track resolution by 1/
√
2 as it
was demonstrated in [1].
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